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Monitoring Glutamate Release during LTP
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the amount of transmitter released. We have therefore
quantified the sensitivity of these glial transporter cur-
rents to changes in glutamate release and have used this
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Recordings from Glial Cells
Glial cell currents were recorded with the whole-cell
voltage-clamp technique and identified by a number ofSummary
criteria (see Experimental Procedures). Recordings were
made from small (,10 mm), round profiles in stratumAlthough much has been learned about the mecha-
radiatum (Figure 1A). Biocytin staining revealed thatnisms underlying NMDA receptor±dependent long-
these cells possessed typical astrocytic morphologyterm potentiation (LTP), considerable debate remains
(Figure 1B). In normal bathing media, the response toas to whether LTP is expressed as an increase in the
Schaffer collateral stimulation was complex (Figure 1C).synaptic release of glutamate or as an increase in the
The response consisted of an initial outward currentsensitivity of the postsynaptic glutamate receptors.
followed by a long-lasting (many seconds) inward cur-We have directly measured changes in the synaptic
rent (trace 1). In thepresence of the ionotropic glutamaterelease of glutamate by recording synaptically evoked
receptor antagonist kynurenate (kyn), the response con-glial glutamate transporter currents with whole-cell
sisted of a rapid inward current followed by a smaller,recording. Glial cell responses were very sensitive to
long-lasting inward current (trace 2). Blockade of gluta-manipulations known to change the release of gluta-
mate transport with a combination of L-trans-2,4-pyrrol-mate yet remained constant during LTP. These results
lidine-2,4-dicarboxylate (trans-PDC, 300 mM), a sub-argue strongly for a postsynaptic expression mecha-
strate/antagonist of glutamate transporters (Sarantis etnism for LTP.
al., 1993a), and dihydrokainate (DHK, 300 mM), a selec-
tive antagonist for the glial GLT-1 transporter (Arriza etIntroduction
al., 1994), blocked the rapid inward current but had little
effect on the long-lasting inward current (trace 3). ThisAt many CNS synapses, brief repetitive stimulation re-
long-lasting component is likely to reflect the accumula-sults in a long-lasting increase in synaptic strength, re-
tion of extracellular potassium secondary topresynapticferred to as long-term potentiation (LTP). This form of
action potential discharge (Bergles and Jahr, 1997).synaptic plasticity, which in most cases requires the
Subtracting trace 3 from trace 2 yields the isolated glialactivation of NMDA receptors, remains one of the most
transporter current (trace 2-3). Interestingly, while acompelling cellular models for learning and memory.
combination of the blockers abolished the rapid inward
Although it is universally accepted that a rise in postsyn-
current, each drug alone only reduced the response
aptic Ca21 is essential for triggering LTP, the site at
by about 50% (Figure 2A), suggesting that glutamate
which LTP is expressed continues to be controversial.
transporters, in addition to GLT-1, exist on glial cells.
Considerable debate exists as to whether LTP is ex-
Similar traces were also obtained in the presence of
pressed substantially or entirely as an increase in the
6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX, 20 mM).
synaptic release of glutamate, an increase in the sensi-
Under these conditions, the application of the NMDA
tivity and/or number of functional postsynaptic gluta-
receptor blockers kyn (1.5 mM) and 3-(RS)-(2-carboxy-
mate receptors, or both (Bliss and Collingridge, 1993;
piperazin-4-yl)-propyl-1-phosphonic acid (CPP) (2 mM)
Kullmann and Siegelbaum, 1995; Larkman and Jack,
did not alter the transients (data not shown). These find-
1995; Nicoll and Malenka, 1995). The difficulty in resolv-
ings agree with a previous study (Bergles and Jahr,
ing this controversy is due in large part to the indirect 1997) and indicate that the synaptic release of glutamate
nature of many of theapproaches used and the assump- rapidly activates an electrogenic glutamate transporter
tions that underlie these approaches. The ability to mon- in hippocampal glial cells in the CA1 region.
itor the release of glutamate directly at the synapse Similar experiments were carried out at mossy fiber
would circumvent many of the problems inherent in the synapses in the CA3 region by recording from glial cells
approaches thus far used to address this issue. Glial in stratum lucidum.However, stimulationof mossy fibers
cells, which ensheath synapses (Spacek, 1983), respond evoked only a slow PDC- and DHK-insensitive compo-
to synaptically released glutamate by activation of nent (300 mM each, applied together, n 5 7). Even when
AMPA-kainate receptors (Clark and Barbour, 1997; Lin- a train of stimuli was applied, a manipulation known to
den, 1997) and by activation of electrogenic transporters strongly enhance release from mossy fiber terminals,
(Sarantis et al., 1993b; Bergles and Jahr, 1997; Bergles neither facilitation nor a transporter blocker±sensitive
et al., 1997); thus, these transporter currents may reflect component of the glial currents was observed (Figure
1E). Our inability to detect a synaptically evoked trans-
porter current in glial cells in s. lucidum raises the§To whom correspondence should be addressed.
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Figure 2. Pharmacology of Synaptically Evoked Glutamate Trans-
porter Currents
(A) The glutamate transporter blocker trans-PDC (300 mM) blocked
Figure 1. Whole-Cell Recording of Synaptically Evoked Glutamate the evoked glial current (in presence of kyn) by 39.2% 6 6.2%,
Transporter Currents in Hippocampal Glial Cells and DHK (300 mM) reduced the current by 50.4% 6 4.0%. Applied
together, the current was abolished (95.4% 6 2.6%).(A) Visualization of a glial cell (arrow) in stratum radiatum under DIC,
(B) Modulating transmitter release by adenosine (Adeno) (10 mM)with whole-cell recording pipette in place. Notice the dense web of
and its antagonist CPT (50 mM in the presence of 5 mM adenosine)dendrites from adjacent pyramidal neurons (double arrow) and the
decreases the response by 62.5% 6 7.9% or increases it by 55.5% 6absence of visible processes of the glial cell.
6.9%, respectively. L-AP4, a group 3 mGluR agonist and selective(B) Biocytin-filled glial cell. The cell shows a stellate morphology
blocker of Schaffer collateral synapses onto interneurons, leavestypical for astrocytes. Scale bars, 10 mm.
the evoked glial transporter current unaltered (99.9% 6 2.6% of(C) Voltage-clamp recordings of synaptically evoked responses in
control), indicating that this group of synapses does not contribute inhippocampal glial cells.
a significant manner to the response measured. Increasing stimulusResponse showing an initial outward component (reminiscent of an
strength (33%) (High stim) increases the size of the response. Noteinverted field potential) followed by a large inward current lasting
that the changes in glial transporter amplitude are of the same5±10 s (1).After bath applicationof kyn (1.5mM), the fiber component
magnitude for all manipulations as the changes observed in theis still visible, followed by a fast inward current and a slow compo-
extracellular field response after the washout of kyn (n 5 5 for eachnent fast forward current of lesser amplitude (2). This slow compo-
agonist, n 5 4 for High stim, p . 0.2 for all manipulations, t test).nent is isolated after additional wash-in of trans-PDC and DHK (300
mM each) (3). The subtraction of this slow component reveals the
synaptically evoked glutamate transporter current (223).
(D) Superimposition of (1), (2), and (3) gives the temporal relationship
Monitoring Synaptic Release of Glutamate(for discussion, see text). Scale bar, 5 pA/20 ms.
We next addressed whether the glial transporter current(E) Recordings from glial cells in the stratum lucidum of the CA3
region of the hippocampus in the presence of kyn (1.5 mM). could be used to monitor the synaptic release of gluta-
(E1) Even with a short train of stimuli, which is known to facilitate mate by examining manipulations known to alter trans-
glutamate release from mossy fibers, only a slow component similar mitter release. Increasing the strength of stimulation
to (C3) could be recorded.
caused a smoothly graded increase in the size of the(E2) This slow transient is not affected by PDC and DHK applied
glial response, indicating that glial cells can detect thetogether (300 mM each) (baseline, 1; transporter blockers, 2).
increase in glutamate release that occurs when the num-
ber of active synapses is increased. The increase in the
glial response to a fixed increase in stimulus strengthpossibility that these cells do not express glutamate
is shown in Figure 2B and did not differ from the increasetransporter or that, under our experimental conditions,
in the size of the field potentials recorded in the absencesynaptically released glutamate does not reach the glia.
of glutamate receptor antagonists (242% 6 36% versusEither way, these negative results precluded us from
249% 6 41%, n 5 4). Adenosine, which decreases theusing evoked transporter currents as a bioassay for
probability of transmitter release by activating presyn-transmitter release during mossy fiber LTP. Our study
aptic inhibitory A1 receptors (Brundege and Dunwiddie,is therefore focused on transmitter release in the CA1
region. 1997), also decreases the glial response (Figure 2B). On
Glial Glutamate Transporter Responses during LTP
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neither the synaptic glial current nor the extracellular
field potential was affected (99.9% 6 2.6% versus
101.0% 6 2.2%, n 5 5; Figure 2B), indicating that in
both, the contribution from synapses onto interneurons
is negligible. These manipulations show a qualitative
relationship between glutamate release onto pyramidal
cells and glial transporter currents.
To define this relationship quantitatively, we used
paired pulse facilitation (PPF), a phenomenon whereby
the activation of synapses at brief intervals (,400 ms)
results in an increase in the probability of transmitter
release on the second pulse (Zucker, 1989). The magni-
tude of PPF depends upon the interval between stimuli
and therefore provides a manipulation whereby the
Figure 3. Correlation of PPF Ratio in Glial Recordings and Field probability of transmitter release can be changed quan-
Recordings titatively. Glial transporter currents clearly showed PPF,
(A) Overlay of synaptically evoked glutamate transporter currents as did the synaptic field potentials recorded in the imme-
at various interpulse intervals. Scale bar, 10 pA/100 ms.
diate vicinity of the glial recording after the washout of(B) Extracellular field recordings obtained in the same slice at identi-
kyn (Figures 3A and 3B). A comparison of the degreecal interpulse intervals after washing out kyn. Scale bar, 0.1 mV/
of facilitation of the glial transporter current with the100 ms.
(C) The graph shows all individual points from all experiments (one field potential at different intervals for a numberof exper-
symbol per experiment, two points are off scale [n 5 7]), as well as iments shows a close congruence between the two pa-
the regression line (y 5 1.028x 21.631, r 5 0.87) and the 95% rameters (Figure 3C), indicating that glial transporter
confidence interval for the slope and intercept. The arrow pointing
currents provide a very accurate assay for the synapticto the x-axis indicates the cut-off point for detecting with 95%
release of glutamate. Given the 95% confidence intervalconfidence an increase in the mean glial response.
for slope and intercept of the regression line, we predict
that any increase of transmitter release leading to an
the other hand, blockade of A1 receptors with 8-cyclo- increase of the slope of the field response exceeding,
pentyl-1,3-dimethylxanthine (CPT) (in the presence of on average, 6% will be detected also in the average glial
adenosine) enhances the glial transporter current (Fig- response (Figure 3, arrow on x-axis).
ure 2B). To assess the relative contribution of synapses
onto interneurons to the measured transporter current,
we have tested the sensitivity of the evoked glial current Transmitter Release during Posttetanic
Potentiation and LTPto L-(1)-2-amino-4-phosphonobutyric acid (L-AP4) (10±
50 mM), as it has recently been shown that release from An analysis of glial cell responses during LTP is compli-
cated by the fact that theconditions required to measurethese synapses is selectively blocked by this group 3 me-
tabotropic glutamate receptor (mGluR) agonist (Scan- glial transporter currents (i.e., the blockade of post-
synaptic glutamate receptors) preclude monitoring LTP.ziani et al., 1997, Soc. Neurosci., abstract). However,
Figure 4. Induction of LTP in the Presence of
CNQX
(A) A diagram of the experimental setup (for
explanation, see text).
(B) Grouped data from a set of field experi-
ments with brief application of CNQX and
washout immediately after the tetanization
(arrow).Under these conditions, we were able
to obtain substantial LTP in S1 and complete
recovery of the control path S2. Insets show
representative traces from one experiment.
Scale bar, 0.2 mV/20 ms, n 5 5.
(C) Control experiment in which the inducing
stimulation protocol was applied under 100
mM D-APV. The two pathways wash out at
the same rate. Note also that the envelope of
extracellular field response during the teta-
nus is blocked (inset; scale bars, 0.2 mV/20
ms), compared with the envelope in (D).
(D) Simultaneous field recording of two path-
ways with long application of CNQX. After
CNQX (10 mM) had blocked the responses, a
series of tetani were applied to one pathway
(S1, see arrow). Note that the tetanized path-
way recovers more rapidly following the re-
moval of CNQX, but recovery is incomplete,
owing to the long application of the drug.
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of the field potentials, baseline glial cell responses were
recorded for several minutes (Figure 5A). As is clear
from this example, as well as in the summary of seven
experiments (Figure 5B), there was a large increase in
theglial response, following the tetani, lasting only about
1 or 2 min. This brief enhancement is referred to as
posttetanic potentiation (PTP) and is due to an increase
in transmitter release (Zucker, 1989). Importantly, no
lasting increase was observed following the tetanus.
To ensure that in these experiments the tetanus had
induced LTP, CNQX was washed from the preparation.
Figure 4D shows that during the recovery, the synaptic
responses from the tetanized pathway weresignificantly
larger than those from the control pathway. The incom-
plete recovery of the control pathway in some experi-
ments was due to the prolonged application of CNQX,
which was required for the glial cell monitoring. In the
eight experiments during which two pathways were
monitored, the tetanized pathway was 159% 6 13%
of the control pathway measured 20 min following the
washout of CNQX. Although this experiment has the
advantage that the glial cell responses can be monitored
during the induction of LTP, two complications prevent
a quantitative conclusion from these results. First, be-
cause of the design of the experiment, we were con-
strained to monitoring the glial synaptic response for
only a short period after the tetanus. Second, it is difficultFigure 5. PTP, but Not LTP, of Synaptically Evoked Glial Currents
to determine accurately the actual magnitude of LTP in(A) PTP of glutamate transporter current evoked by tetanic stimula-
tion (4 3 100 stimuli at 50/100 Hz, as indicated by arrows) given in these experiments, owing to the incomplete washout of
the experiment shown in Figure 4D. Representative averaged traces CNQX in some experiments.
before and immediately after tetanus and 3 min after induction are In the second approach (Figure 6), we took advantage
shown above the graph. The control path (open symbols) does not
of theobservation that thenonselective ionotropic gluta-show any change, indicating the independence of the two inputs.
mate receptor antagonist kyn can be rapidly washedScale bar, 2 pA/20 ms.
(B) Group data for seven cells showing a mean PTP of 207% 6 21% from the preparation (Castillo et al., 1994). In this experi-
that decays within 2 min to baseline (100% 6 4%). Open symbols ment, the responses to two independent inputs were
indicate control pathway. recorded in a glial cell in the presence of kyn. After a
stable baseline was obtained (Figure 6B), kyn was
We have taken two approaches to circumvent this prob- washed from the preparation so that the simultaneously
lem, both of which require stimulation of two indepen- recorded synaptic field potential responses in the im-
dent pathways. The experimental setup is shown in Fig- mediate vicinity of the recorded glial cell could be moni-
ure 4A. tored (Figure 6A). Following stabilization of the field
In the first approach (Figure 4B), we took advantage potential response, LTP was induced in one of the path-
of the observation that, even in the absence of AMPA ways and monitored for z10 min. Kyn was then reap-
receptor responses, a tetanus can activate NMDA re- plied to the preparation. Because glial responses tend
ceptors sufficiently to induce LTP (Kauer et al., 1988; to slowly run down during the course of recording, to
Muller et al., 1988). We initially recorded field potentials
detect any change of the amplitude in the glial response,
and, after the responses in the two pathways were sta-
it was necessary to compare the size of the glial re-
ble, the AMPA receptor selective antagonist CNQX was
sponse in the tetanized pathway with that of the controlapplied. After complete blockade of the field potentials,
pathway (Figures 6B and 6D). As can be seen in Figurean LTP-inducing tetanus (50 or 100 Hz for 1 s, repeated
6C, no difference in the ratio was detected, despitefour times at 20 s intervals) was then given to one path-
the 2-fold increase of the slope of the field recording.way and CNQX immediately washed from the prepara-
To ensure that the LTP had not decayed back to base-tion. Under these conditions, we were able to obtain
line while recording the glial cell responses, we againsubstantial LTP and complete recovery of the control
washed out the kyn and confirmed that the LTP waspath (Figure 4B), thus confirming previous studies (Kauer
stable (Figure 6A). A total of six such experiments waset al., 1988; Muller et al., 1988). Furthermore, the differ-
carried out (Figure 7). While the average LTP in the fieldsence between the control and the tetanized pathway
was 179% 6 5%, no difference in the relative sizes ofwas blocked by 100 mM D-APV (1% 6 5%, n 5 3, p 5
the glial cell responses could be seen between the two0.01; Figure 4C), confirming its NMDA receptor depen-
pathways (28% 6 7%) (Figure 7B). Figure 7C showsdence.
that the ability to observe PPF of the glial transporterWe next combined this approach with monitoring glial
current is unaltered 30 min after the induction of LTP,cell responses. The field recordings of a typical experi-
ment are shown in Figure 4D. After complete blockade indicating that the sensitivity of the assay is preserved.
Glial Glutamate Transporter Responses during LTP
439
Figure 6. Constant Transmitter Release with
LTP,as Monitored with Whole-Cell Recording
of Synaptically Evoked Glutamate Trans-
porter Currents
(A) Slope measurement of extracellular field
potential recordings in CA1.
(B) Simultaneous whole-cell voltage-clamp
recording of a hippocampal glial cell in stra-
tum radiatum of CA1. The experiment is
started in the ionotropic glutamate receptor
blocker kyn (1.5 mM) to isolate the synapti-
cally evoked glutamate transporter current
responses in the two pathways (S1 and S2).
Kyn is then washed out and a baseline for
the field is obtained. LTP is induced by four
tetani (100 Hz, 1 s). Ten minutes later, kyn is
reapplied and the glutamate transporter cur-
rents are again monitored.
(C) To compensate for the slow rundown of
the responses, the currents are expressed as
a ratio between the two pathways (S1/ S2).
This ratio did not change during LTP.
(D) Representative traces of the extracellular field recording and glial cell responses corresponding to the time points indicated in (A) and (B).
Scale bars for field recordings, 0.2 mV/10 ms; for glial recordings, 5 pA/20 ms.
Discussion PTP and the activation (Adeno) and blockade (CPT) of
presynaptic adenosine A1 receptors. The close corre-
spondence between the change in the size of the glialThe present results have taken advantage of the pres-
and field responses when glutamate release is alteredence of electrogenic glutamate transporters on glial cell
is indicated by the fact that the points for all of thesemembranes (Sarantis et al., 1993b; Bergles and Jahr,
presynaptic manipulations fall on the diagonal line. This1997; Bergles et al., 1997 Clark and Barbour, 1997). The
relationship clearly establishes that glial cells are, in-fact that glial membranes immediately juxtaposed to
deed, a sensitive assay for detecting changes in gluta-glutamatergic synapses can detect the glutamate re-
mate release.leased from the synapse provides a powerful technique
The constant amplitude of the glial transporter re-for monitoring the synaptic release of glutamate. Figure
sponses during robust LTP (Figure 8, CNQX and kyn)8 summarizes the results of this study. The glial cell
indicates that, despite this large increase in synapticresponses changed in parallel with changes in the num-
strength, glutamate release remained constant. Basedber of activated synapses (High stim) and with changes
on the confidence interval of the results obtained forin the probability of transmitter release during PPF and
LTP in the kyn experiments and the sensitivity of the
assay measured with PPF (see Figure 3C), we calculate
that in the situation of 80% LTP, on average, the glial
current would have to increase by at least 70% if LTP
were entirely due to an increase of transmitter release.
In other words, given the resolution, the amount of LTP
in the field response, and the fact that we actually did
not see a change of the glial transporter current, not
more than 10% LTP could still be accounted for by
increased transmitter release.
However, two possible limitations to our approach
need to be discussed. First, glial cells may sense gluta-
mate from synapses onto interneurons that do not un-
dergo LTP (McMahon and Kauer, 1997; Maccaferri et
al., 1998). Our data showing that glial transporter cur-
rents are insensitive to L-AP4, which selectively blocks
release from these synapses (Scanziani et al., 1998),
argue against this possibility. This is not surprising,Figure 7. Summary of Experiments Monitoring Glutamate Trans-
porter Current during LTP since thevast majorityof Schaffer collateral connections
form spiny synapses on pyramidal cells.(A) Group field potential data showing the average of six experi-
ments. Second, it might be argued that during LTP, a retro-
(B) The synaptically evoked glutamate transporter currents as ex- grade messenger such as nitric oxide (NO) (Pogun and
pressed by the ratio S1/S2 remain unchanged (92% 6 7% of base- Kuhar, 1994) or arachidonic acid (Barbour et al., 1989)
line value, p . 0.2).
is released, which depresses glutamate transporters,(C) Normalized PPF ratios of the glial response before and after the
and that this obscures detecting an increase in gluta-induction of LTP. Each experiment is represented by one symbol.
mate release. This seems most unlikely in that it wouldThe bar graphs represent mean and SEM (n 5 6). The ratio does
not change, indicating that the sensitivity of the assay is maintained. require that this effect develop with exactly the same
Neuron
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Electrophysiology
Both extracellular field potential recording and whole-cell voltage-
clamp recording were used. Field potentials were recorded at a
depth of about 50±100 mm with a glass pipette filled with 1 M NaCl.
To evoke transmitter release, stimuli (0.1ms duration) were delivered
at 0.1 Hz through bipolar stainless steel electrodes, the tips of which
were placed z50±100 mm beneath the surface. Whole-cell re-
cordings were made from glial cells in stratum radiatum at a depth
of about 50±100 mm and were identified by the following criteria: (1)
visualizationunder a differential inference contrast (DIC) microscope
showed a small (,10 mm) structure without visible processes (Figure
1A); (2) immediately after ªbreak-in,º a membrane potential more
hyperpolarized than 280 mV and a Rinput ,20 MV were measured;
(3) voltage steps to positive values for 40 ms did not elicit action
potentials; and (4) when these cells were filled with Lucifer Yellow
(15 mM) or Biocytin (0.5%), they showed the characteristic stellate
morphology (n 5 10).Patch pipettes (3±5 MV) filled with the following
internal solutions were used (in mM): K-SCN 130, HEPES 20, MgCl2Figure 8. Summary Diagram of All Experiments
1, EGTA 10, TEACl 10, MgATP 2, and Na3GTP 3 (pH 7.4).Figure shows the correlation between field response and glial re-
Recordings were amplified with an Axopatch 1D or Axoclamp 2B,sponse for the manipulations described in the text. Manipulations
filtered at 2 kHz, digitized at 5±10 kHz (National Instruments Boardknown to affect release probability (adenosine, CPT, PPF, and PTP)
MIO-16, NI-DAQ/Igor 3.1 Software, Wave Metrics, Lake Oswego,and number of release sites (increased stimulation strength) fall onto
OR), and stored on a hard disk. In CA1 field recordings, initial slopesthe line of identity. In contrast, the two experiments in which LTP
weremeasured. To correct for the slow transport blocker±insensitivewas induced (see Figures 4, 5, and 6) show an unchanged glial
inward current, the amplitude (A) of the transporter current wasresponse.
calculated according to
time course as LTP (i.e., without affecting the time
A 5 peak 2 1base2 2 base12 1 base12course or amplitude of PTP; see Figure 4), and it would
have to precisely cancel out the increases expected if
glutamate release had occurred. In addition, such a fac- where base1 and base2 are the baseline measurements 10 ms before
and 200 ms after the stimulus was applied. The accuracy of thistor would have to persist unchanged for the entire time
calculation was verified by comparing in five cells the values ob-measured.
tained by this calculation to those obtained by directly subtractingThe locus of expression of NMDA receptor±depen-
the uptake blocker±insensitive current from the uptake-sensitive
dent LTP in CA1 pyramidal cells has been the object of current. The values were identical (99.8% 6 3%, p 5 0.97, n 5 5).
much debate for several years (Kullmann and Seigel- As discussed in the text, glial transporter currents tend to run down.
baum, 1995; Larkman and Jack, 1995). One important After 30±40 min, the mean residual amplitude was 71.1% 6 6.7%.
In contrast, the slow component insensitive to transporter blockerfactor contributing to the lack of resolution to this debate
(Figure 1C3) did not change (96.8% 6 6.0% of residual, p , 0.05is that the interpretations of the various electrophysio-
for paired t test, n 5 7). Representative traces are averages of 10±20logical changes that have been reported to occur during
sweeps. Data are expressed as means 6 SEM. Drugs were bath
LTP are not unequivocal. Here, we provide strong evi- applied and bought from the following sources: kyn (Sigma), CNQX
dence that it is possible to directly monitor the release (Tocris), picrotoxin (Sigma), adenosine (Sigma), CPT (RBI), trans-
of glutamate from activated presynaptic boutons by re- PDC (Tocris), DHK (Sigma), L-AP4 (Sigma), and CPP (Sigma).
cording glutamate transporter currents from the glial
cells that ensheath synapses. Our experiments demon-
Cell Labelingstrate that this novel assay for monitoring glutamate
For Biocytin filling, cells were filled by diffusion from the recording
release in situ is sensitive to a large number of manipula- pipette, which contained, in addition to the standard internal solu-
tions known to change transmitter release, yet no tion, 0.5% Biocytin. The slices were fixed overnight in 4% paraform-
change in glial transporter currents is observed during aldehyde and exposed to the ABC Complex for 24±48 hr and subse-
quently processed according to the guidelines of the manufacturerLTP. The results provide strong evidence that the
(Vector Labs, Burlingame, CA).changes in synaptic efficacy during LTP reside in the
postsynaptic cell and focus attention on the underlying
molecular modification of glutamate receptor function. Acknowledgments
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